Thermogravimetric analysis (TGA) is used to study the kinetics of chlorination of Cr 2 O 3 with Cl 2 ϩ N 2 and Cl 2 ϩ O 2 gas mixtures in the temperature range of 550 ЊC to 1000 ЊC. The reactivity of Cr 2 O 3 toward the chlorine-oxygen gas mixture is higher than that toward the chlorine-nitrogen one. Chlorination of Cr 2 O 3 proceeds with an apparent activation energy of about 86 kJ/mol between 550 ЊC and 1000 ЊC. The apparent reaction order with respect to chlorine is about 1.23 at 800 ЊC. At temperatures lower than 650 ЊC, the shrinking sphere model is the most appropriate for describing the reaction kinetics. Oxychlorination of Cr 2 O 3 is characterized by an apparent activation energy of about 87 and 46 kJ/mol for temperatures lower than 650 ЊC and higher than 700 ЊC, respectively. At 800 ЊC and using a Cl 2 ϩ O 2 gas mixture, the maximum reaction rate is obtained when the Cl 2 /O 2 molar ratio is equal to 4, confirming the formation of chromium oxychloride. At this temperature, the reaction orders with respect to chlorine, oxygen, and Cl 2 ϩ O 2 are about 1.08, 0.23, and 1.29, respectively. Mathematical fitting of the experimental data is discussed.
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I. INTRODUCTION AND LITERATURE REVIEW
REACTIVITY of chlorine toward metals and metal compounds is interesting for the recovery of a valuable element from their ores and from industrial wastes. The chlorides and oxychlorides of transition metals have, generally, a lower boiling point than their oxides. This may allow selective separation of one or several elements, from the gas phase, by controlled cooling of reaction products. Recently, chlorination was used for the recovery of Ta and Nb from their ores [1] and tin slag [2] as well as for the extraction of Mo and V from spent hydrorefining catalysts. [3, 4] Chlorination is also investigated for the beneficiation of chromite concentrates and/or selective separation of chromium compounds. [5, 6] This article is devoted to the study of the chlorination and the oxychlorination kinetics of chromium (III) oxide using Cl 2 ϩ N 2 and Cl 2 ϩ O 2 gas mixtures. This investigation is a part of a larger program concerning the chlorination of refractory metals such as MoO 3 , [7] V 2 O 5 , [8] Nb 2 O 5 , and Ta 2 O 5 .
[9] Moreover, the generated data could be used for the beneficiation of chromite ores or concentrates and for the recovery of chromium compounds from industrial wastes.
Chlorination of Mo, V, Nb, and Ta oxides, without a reducing agent, generates oxychlorides of these elements. The most common oxychlorides are those described by Eqs.
[1] through [4] . The metal oxychloride formation from its oxide does not imply a change of the metal valency and consequently the reaction can be performed in absence of gaseous oxygen. The hexavalent oxychloride of chromium CrO 2 Cl 2 (g) is the most stable oxychloride of chromium. [10] For this reason, the formation of CrO 2 Cl 2 (g) through the [11] studied the equilibrium of chlorination of Cr 2 O 3 with Cl 2 between 700 ЊC and 1000 ЊC. They mentioned that the chlorination of chromium (III) oxide by chlorine at high temperature could lead to the formation of CrCl 2 , CrCl 3 , and CrCl 4 . These authors suggested that the formation of chromium oxychloride, in the investigated temperature range, was improbable because of its instability at temperatures higher than 450 ЊC. Sano and Belton [12] used a thermodynamic approach for the formation of CrO 2 Cl 2(g) via the transpiration method. Their experiments consisted of the measurement of the volatilization of chromic oxide in a Cl 2 ϩ O 2 ϩ Ar atmosphere. According to these authors, the chromium predominant product of the chlorination of Cr 2 O 3 , with Cl 2 ϩ O 2 between 627 ЊC to 977 ЊC, is CrO 2 Cl 2(g) , as described by Eq. [5] . Reinhold and Hauffe [13] studied the chlorination kinetics of chromium metal and Cr 2 O 3 pellets between 650 ЊC and 800 ЊC by thermogravimetric analysis (TGA). They concluded that the rate constant of Cr 2 O 3 reaction with Cl 2 ϩ O 2 increases linearly with Cl 2 pressure and with the fourth root of the O 2 pressure, indicating that CrO 2 Cl 2(g) could be the only reaction product. The investigation by Plies [14] with mass spectroscopy using the Knudsen cell revealed the presence of CrOCl 2(g) in the gas phase of the system CrOCl-Cl 2 and Cr 2 O 3 -Cl 2 between 627 ЊC and 1077 ЊC. The formation of CrO 2 Cl 2(g) , during the oxychlorination of Cr 2 O 3 -forming alloys with Cl 2 ϩ O 2 ϩ Ar, was also confirmed by Jacobson et al.
[15] using mass spectroscopy and TG techniques. In another article, McNallan et al. [16] used the same techniques in an attempt to test the corrosion of Ni-Cr alloys in flowing Cl 2 ϩ O 2 ϩ Ar gas mixtures. They mentioned that the principal volatile corrosion products are NiCl 2(g) and CrO 2 Cl 2(g) . Equations [5] and [7] through [10] are considered to describe the possible chemical reactions of Cr 2 O 3 with pure Cl 2 and Cl 2 ϩ O 2 gas mixtures up to 1000 ЊC. The formation of CrCl 2 is neglected due to the high oxidation ability of chlorine. CrO 2 Cl 2(g) is considered as the only product of reaction of Cr 2 O 3 with Cl 2 ϩ O 2 (Eq. [5]), as other oxychlorides are unstable at high temperatures. The evolution of the standard free energy changes (⌬GЊ) of these reactions, as a function of temperature, is shown in Figure 1 . The thermodynamic data, used in this study, are those of Barin.
II. THERMODYNAMIC STUDY
[17] This figure shows that the standard free energy changes of all the reactions are positive. However, an important criterion for determining the thermodynamic possibility of a chemical reaction is the evaluation of its free energy change (⌬G) given by
Although the reaction described by Eq.
[5], at 800 ЊC, is characterized by ⌬GЊ of about 20 kJ/mol, the value of equilibrium constant for ⌬G ϭ 0 is about 0.106. This value indicates that the formation of CrO 2 Cl 2(g) is possible at this temperature, because the partial pressure of this compound in the gas phase is very low. This enhances the oxychlorination rate of Cr 2 O 3 .
III. MATERIALS AND EXPERIMENTAL PROCEDURE
The sample used in this study was a Cr 2 O 3 powder supplied by Laboratoires Standa, (Caen, France) which had a purity higher than 99 pct. The sample's spectra of X-ray diffraction (XRD) and that obtained by the electron probe microanalysis of the scanning electron microscope (EPMA-SEM) indicated the presence of only solid Cr 2 O 3 phase. The specific surface area of the sample was about 3.8 m 2 /g. The chlorination kinetics of Cr 2 O 3 was determined by the thermogravimetric analysis technique described previously.
[8] The experimental tests were carried out in isothermal and nonisothermal conditions. A sample of about 40 mg, placed in a large boat, was used for each test. For TG tests under nonisothermal conditions, the sample was directly heated in the chlorinating gas atmosphere. The furnace heating rate was kept at about 7 ЊC/min. For isothermal runs, the sample was heated in nitrogen atmosphere to a given temperature before the introduction of the chlorinating gas mixture. The exhaust gases were neutralized by NaOH before their release to the atmosphere. 
IV. RESULTS

A. Nonisothermal Treatment of Cr
